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Investigation of the Behavior of Dielectric Materials at
High Field Strengths in a High Vacuum Environment

I. Mission Statement

The Contractor_ as an independent Contra_.:or and not as an agent

of the Government, shaU, during the term of this contract, utilize its

best efforts and supply the necessary personnel, facilities, and materials

{except those which may otherwise be provided}, and do all things

necessary for, or incident to the improvement of the basic understanding

of breakdown in dielectric materials, and to provide useful engineering

data, not presently available, on common dielectrics, with particular

emphasis directed toward determining breakdown strengths at high fre-

quencies.

Additional effort has been authorized to continue certain phases

of previous investigation of the effects of space environment on the

properties of dielectric materials. These studies are associated with

the effects of a vacuum, x-ray irradiation and temperature on the a-c
loss properties (_ and tan6) and the d_c conductivity of insulating

mater ials.

ll° Factual Data

Ao D._C Conductivity

In the First and Second Qu&_'terly _rogre._s Reports data were

presented on the conductivity of polyethylene terephthalate after vacuum

exposure for periods up to 150 hours at temperatures in the range of

Z5 to i30°C. Because these experimenLs were designed to show the effects

I of prolonged vacuum exposure at v_rious temperatures, each specimen

! I was held at a fixed temperature during thc entire exposure period°
However, comparison of the measured values of conductivity at different

_: temperatures after equal periods of exposure suggested that the

;' activation energy of the conduction process had d_fferent values at
'q

i! temperatures above &nd below the glass transition range (70 ..80°C)_

_i',w This was shown by logf vs. I/T plots_ However, it was pointed out that
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these plots did not indicate the true activation energy because the points

were ta]_en from experiments on different specimens, each specimen

having a different exposure hi_tory.

To determine the relationship between conductivity and temperature,

measurements were made on specin_ens that were conditioned in vacuum

at elevated temperatures (IZ0-130°C) for i._0 hours and then allowed to

cool at a controlled rate° To eliminate the transient current that

accompanies a change in temperature, the temperature was lowered in

increments and held constant at each step unti.( the transient had decayed°

At temperatures below the glass transition region, the decb: _ ,_riod was

at least two hours. Shorter periods of 15 to 30 minutes were su1._cient

at temperatures above the glass transition range_ Only a limited number

of measurements were made at temper&tures below 40°C because of the

long time periods required for the transients to decay_

The results of these measurements are summarized in the

log_ vs0 I/T curves shown in Figure i, Typic_l data are given for

measurements in vacuu.ri at i80 and 320 volts and in air at 90 volts°

The measurements in air were made at 90 volts in order to avoid

c orona,

Each of the curves of Figure t has a higher slol_; at temperatures

above the glass transition region, indicating that the activation energy of

the conduction process is higher at the elevated temperatures. The

existence of different values of activation energy suggest that there are

at least two conduction rxlechanisrns_

Measurements at different voltages were made to determine if the

current,_voitage relationships were the same at temperatures above and

below the transition region. The data of Figure t show that the conductivity

is slightly _,igher at 320 volts than at t80 volts, hue the small difference

in log¢ is essentially constant over the entire temperature range. The

dependence of conductivity on applied voltage will be examined rz_ore closely

in an effort to identify the conduction mechanisms.

The measurements in air at atmospheric pressure yiel_ted results

O that are essentially the same as in vacuum, as _hown
thooe obtained in

Figure t. The_;© _specimens wer,_ conditioned at t30°C ior t50 hours and
i
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then allowed to cool at a controlled rates as described above for the

vacuum conditioned specimens. It is apparent that the va?uurn exposure

alone does not have any great effect on conductivity° This ca,_ be seen

more clearly from the curves o£ Figure 2, which show the effect of pro,,

longed exposure in vacuum and in air at temperatures from _5°C to t30°Co

In both environments a steady decrease in conductivity was observed during

the entire exposure period. Itis important to note that in each case the

specimen was energized throughout the entire exposure period,, This

long-time decay in conductivity, which had bzen ascribed to the effects of

prolonged vacuum exposure, is not well understood° However, itmust be

considered when interpreting resu!ts such as those of Figure I, where

several hours are required to complete a single series of measurements

over the desired temperature range. It was found that a specimen that

had been slowly cooled from i30°C to _.5°C could be slowly reheated in

a manner that produced the same vv.luc_ of conductivity as those observed

during the cooling cycie_ Therefore, the _50 hour preconditionin L at

i30°C had been long enough to provide values of conductivity that r_mained

essentially unchanged during the period required for the measurements,

Time has not permitted a detailed analysis of all of the data that

has been obtained in this phase of the program° With the addition of very

recent results, which require verification, sufficient data is now available

to permit such an analysis to be ma.de_.

Measurements of x-ray induced conductivity in polytetrafluoroethylene

TFE ,7 were also made during the present reporting period° These results

are discussed in the following section.

Bo ltadiation Induced A-C Losses

In a previous program, measurements of dielectric constant and

dissipation factor (tan6) were made on several materials during x-.ray

irradiation in high.-vacuumo The largest effects were those exhibited by

the polytetrafluoroethylene rnateriv.ls TFE-6 and TFE-7 _Eo lo du Pon_. de

Nernours and Co. _ Inco designations)° Large changes in dielectric constant

and dissipation-, factor were observed du:ing 50 KVP x-ray irradiation,

t
i
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The variation oi" r;. electric constant and *,an6 during irradiation and during

subsequent recovery in vacuum and in air (or dry nitrogen) coul,., n,_t be

explained on the basis of known radiation effects o_ the str,_cture of the

tetrafluoroeth_ lene resins.

The investigation o£ this effect was resumed during the second

quarter of the present program° .Experiments which had previously be_n

condv, c.ted at :,oom temperature w_re :repeated at 89°C and t58°C. Data

were given in the Second Quarterly Progress Report which showed that the

increases in dielectric constant and dissipation factoz were greater when

the specimens were irradiated at 89°C0 but were greatly reduced when

the irradiation was carried out at a temperature of i58°Co Therefore_

it appeared that there was a temperature in the range between Z5 and t58°C

at which the radiation effects were more 3evere_

During the _resent period, additional measurements were made at

temperatures of if3, _,30 and _6Z°Co In these experiments the specimens

were preconditioned at the test temperature for a. period of about. 24 hour_

_It before the irradiation was begin° The data obtained at _00 cps are

summar_zer2 in I;igures 3 and 4,

Previous results have shown that the x.ray induced losses re_nair_

high during the entire exposure period if the irradiation is carried c,at _n

air at atmospheric presa_ureo The most significant effect of the vacuum

envirortrr, ent is to cause a steady decrease in induced losses after a peak

value is reached during th__ early stages of exposure.. Therefore, the results

shown in Figui'es 3 and 4 suggested that the difference in behavior at the

elevated ternper_tures might be caused by the more effective removal of

residual gases.

To determine if degassing of the specimen and the '_valls of the

vacuum chamber was responsible for the observed temperature effect,

rneasurenaents we_'e made on specimens that were baked in vacuum at

Ib0°C for 72 hc, urs ,xnd then allowed to cool to room temperature., in vacuum

before the radiation was introduced.° The moderating effect of this bake.-out

is shown by the data of Figures 5 and 6o The maximum values of dielectric

constant and tan6 for the baked-out specimens were considerably less than

i
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the corresponding values for specimens that were not baked° However, the

radiatic,._ effects were still considerai___y greater than -*hose observed in the

high temperature experiments {Figures 3 and 4_.

It wa_ felt that more complete degassing would further reduce the

induced Iosves. Significant quantities of gas could leak into the vacuum

chamber during the per_,od required _or cooling the specimen and during

the irradiation, period° Because the specimen was r_ounted in a relatively

large vacuum chamber, it took approximately __2 hours to cool from 160°C

to room temperature° Another experiment was conducted in which the

vacuum chamber was filled with helium during the cooling period_ Th,._-

increased heat transfer reduced the cooling period to about one hour, The

chamber was then evacuated before the radiation was intr oducedo

The effects of the rapid cooling can be seen in the data of Figures 5

and 6o These apecimen_ exhibited a rapid rise in tan5 and a very rapid

decay. The peak value occurred at a dose of about 0o i5 rnegara_s, which

is in the dose range where the smaller peaks occurred in the previous

experiments summarized in Figure 3,

In all previous experiments _he induced losses decayed rapidly to

some low value when the irradiation was disconti_uedo A vteady value was

maintained a_ long as the specimens remained in vacuun_ _vcc_ver_ when

the cell was filled with air or dry nitrogen _oil-purnped) an imrnediat_

increase in tang wvt_Id occur and the subsequent decay would continue for

many months°

In the present series of experiments it _._s found that after Z4 hours

of vacuum recovery there was no detectable change in tan6 when the ceD.

was filled with helium for fuur hours. When the cell was then evacuated and

filled with dry nitrogen, the iO0 cpa tan.F increased rapidly, reaching

Oo0012 in 5 minutes, 0 0i6 in one hour and O0 t in £4 hours° In a subsequent

experiment the specimen was allowed to remain in the helium c.tmosphere

_o-" 7_ hours and this caused the tO0 cps tan6 to increase to O. 044 and

dielectric constant to increase from Z, i35 to 2o t70

The recovery experiments demonstrate the existence of radiation

induced radicals which persist for relatively long periods in vacuum.
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tL
Recovery in vacuum for as !ong as Z0 daye does not alter the effects

produced by the introduction of nitrogen or air into the test chamber It is

well known Chat the presence of oxygen influences the efieets o_ radiation

on the prc, perties of TFE rnaterials az.d it -_-ould be expected that the

reaction that occurs when hhe test chamber is filled with air invcAves

the c_mbination of oxygen and the radicats produced by the radiation, In

the case ot the reaction with dry nitrogen, there is some question

concerning the amount of oxygen that is present as an impurity in ihe

corr,.-nercial nitrogen gas, The slow reaction that occurs when the cell is

tilled with heliuzn may also be aseociated with an oxygen impl_rity_ How

ever, the striking difference in behavior in nitrogen and _4eliurn indicates

that laboratory purification of the commercial nitrogen would provide a

gas o_ sufficient purity to determine if nitrogen is involvecl in the reaction_

In all of the irradiation experirnent_ with TFE materi_ts _he x. ray

induced losses decrease rapidly with increasing frequency. Typical

data can be found in Table I o_ the Second (X_arterly Progress P.eport. This

type of frequency response suggests that an induced conduction rnecbc, nism

is responsible for the high losses at i00 cps. Meaning_.ul v,_easuren_ent_

of induced d-c conductivity had not been made in the previous program

because i_ was no¢ possible to schedule such tests. !;_ Che present reporting

period experiments were initiated _o determiue the effects of prolonged

exposure to x-ray irradiation in vacuum on the d-.c conductivity of T_ 7.

Figure 7 shows the prelirnir_ry data obtained at Z3°C uving a dose

rate of 2.2xt05 rads/houro The induced conductiv,ty follows the same

general pattern as the :nduced los,_e3 at t0O CpSo Th_ recovery in vacuum

is shown in Figure 8° When the cell we _ filled with dry nitrogen an

immediate increase in conductivity was observed, just as an increase in

tan5 occurs under 9tmilar conditions.

Further investigation will be required to determine the extent to

which indu.ced conductivity accounts for _he induced a-c lossea_ This

study will be continued during the next reporting period.
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C, Calorimetric Measurem nt of Dielectric Losses at High..

Electrical Stresses in the Radio E_.'ec_uency Range

(t) Introduction.

Details of a calorimetric method of measurir 6 dielectric losses

at high electrical stresses in the radio frequency range were given in

the First Quarterly Progress Report. Briefly, the principle of operation

consists of measuring the heat flow along a known heat conductor which

is in contac*,with the specimen at one end and in contact with a heat sink

at its other end. The _pecimez, is placed between two such heat leads that

also serve as electrodes. The opposite end of each heat lead is bonded

to a constant temperature (O°C) heat sink Contact to the specimens is

made by a flatplate that is bonded to the end of each tubular heat lead.

A therrrdstor imbedded in one of the end plates is used to measure

the temperature d-;fference between the eod plate and the heat sink, When

an r-f voltage is applied, the temperature of the specimen will increase to

some stable value, In the steady state: no additional heat is being stored

in the specimen, so the measured heat flow along the heat leads is a

measure of the power dissipateu in the specimen.

Details of the calibration and the method of computing loss factor

can be found in the First Quarterly Progress Report,

The problems that were encountered duri'_gpreli_nlnar7 measurements

and the modifications in techniques that have bee._ dcvised are presented in

the following section,

(2) Limitations Imposed by the Use of Continuous Voltages as. Z Mc.

When dielectric losses are measured as a £unction of field strength

with this type of calorimeter, the voltage is increased in steps and sufficient

time must be allowed at each step for the temperature oi the specimen to

stabilize° It was found that periods of iO tc_ 30 minutes were required,

depending on the magnitude of the incremental increase in applied voltage.

This relatively long_time application of voltage impo_.es a i_,mitation on the
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C maximum stress that can be used without causing the specimen to t'ail.

With polystyrene, for example, measurements on 10 rail specimens

could not oe made at stresses exceeding 400 VP_vl.

A second limitation is encountered when measurements are to be

made over a wide range of stresses° If, for example, _ is desirable to

m_ke measurements from 30 to 1800 VPI_4, a ratio of 1:60, the pGwer

dissipated in the specimen would have a range of 3:3600. To cover such

a range, ma_ior adjustments would have to be nzade in the conductance of

the heat leads to prevent intolera_le heating of the specimen. Therefore,

it would be necessary to intvrrupt an experiment to replace heat leads

whenever the temperature of the specimen reached a predetermined limit.

The experiment itself wotdd become more difficult because uniform therma.

contact between the heat lead and the specimen becomes more important

as the conductance ol the heat lead is increased°

Another source of dil/icu]ty at high stresses is asEociated with the

design of a suitable heat sizlk. '/'he power dissipation in a typical polvstyren

specimen at _ /_4c is about 0.2 watts for of 100appJ.ied stress VPM_

but at i8O0 VPM it would be 65 watts, A suitable heat sink would have to

absorb this power without allowing a temperature rise of more than 0, i°C

at the end of the heat lead that is bonded to the heat sink.

These difficulties, which are encountered when continuous r-f

voltages are used, can be avoided by drastically reducing the time of

voltage appli:ationo l_he benefits of using short pulses, rather than contin-

uous voltages, are twofold: _a) the specimen can withstand a higher sol,age

as demonstrated by the electric strength data in the Second Duarterly

Progress Report; and {b) excessive power dissipation in the specimen is

avoided.

Consideration was given to a single-.pulse technique, but the

difficulties associated with the transient heat measurement makes thi_-

method unattractive for the purposes of the present investigation. Instead,

a method was developed in which repeated r-f pulses are applied to the

specimen. The repetition rate and pulse width are not critical as long as

the temperature fluctuations remain negligible. The maximum stress at

1964010691-011
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which measurements can be made is lower than it would be for the single-

pulse method, but it is considerably higher than for the continuous ,rolt_ge

method that was used in the earlier experiments.

(3) Repeated PulSe Method.

Using the repeated-pulse n_thod, ar, initial rne-_surernent of power

dissip_ted per unit volume (Watts/cm 3) is made by applying a continuous

r-f field at some low stress E i. The technique used in this first step and

the method of calculating tan6 from the experimental data were discussed in

the Firs,_ Quarterly Progress Report. The stress is then increased to a

value E 2, but it is now applied in repeated pulses, with a repetition rate

and pulse width that result in the same average power dissipation .as the

continuously applied stress E i. The average power dissipation, W, depends

on the ratio a/_, where a is the pulse duration and _ is the time from the

beginning of one pulse to the beginning of the next puls-_, i. e. , the reciprocal

of the repetition rate.

The stress is then increased to successively higher levels and at
each step the ratio a/_ is adjusted s_ that the average power dissipation

remains the same_ This can be accomplished by changing a, _ or both

and 6.

The instantaneous power d)_sipation, W'_ is gi.ven by

w' = tP/¢,) w

It is W' that is a measure of the loss factor ('_, and if (" is independent

of the applied stress, E, then W' should be proportional to E Z.

To determine if t" is a function of E, it is only necessary to measure

the values of E, a and _ that result in a constant value W at each step in

the _tress range of interest. At any two stress levels, E n, E m, the

following relations hold:

_:_ W' m = (_m/am) (On/_n) W'n (1)

'm/W'n (Era/En )2 . (2)
and W = , for constant ¢"

Since (Em/En)'" {W'n/W'm) = t ,

then, substltutin 8 from equation (1),

(Em/En 12 (_n/_n) (am/_m) = t. 131

1964010691-012
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If _" is a function of E, then the measured value_ of E, _ and/3 do not
yield a value of unity in equation (3),

In the former ._ethod, _here continuous stresses were applied,

a considerable length of time was required at each 8tress level for the

temperature of the specimen to 0tabilize, In the present method, this will

occur only for £he first step_ where th_ stress is Iowo From there on,

with some experience is adjusting _ and _,,the temperature fluctuations

can be kept small and the time required for temperature ztabilizationis

drastically reduced.

Because the specimen temperature is adjusted to the same value

throughout the experiment, the calorimeter serves only as a sensitive

temperature difference indicator° The average thermodynamic conditioz.s

remain the same at each stress level, so the inherent error_ in the

calorimeter have no significant effect on the ratio_ of the measured loss

factors. The largest error is made in the mea._ua'ement of the actual

value _,f _" in the first step of the e_)eriment. This error could be

reduced by constructing a calorimeter tha_.is designed spe :ifical!y for

m_asure_.ents at low stresses°

{4} Preliminary Measu.rcnaents,

Preliminary measuremen_ have _., _n mace _ _.'_e following

material s:

PS-G Polystyrene: obtained from local _._:_,'_'.:e_,
undetern_ineq origin,,

PS-D Polysty,.ene. Dow Chen_ica! Corn_ ,y, S_yrun 6fi6.

PE Polyethylene° Du Pon', Al,,#hor.._0

FEP Copolymer of _etrafluoroethylene at'.h..:t-
fiuoropropyleneo Du Pont _'EP,-t00,,

C-ii47 Methyl styrene with siloxane ad¢|itive_ Delaware
Research and Development Corporation.

The detailed results of eight expe_-'iments are given in Table I,

The values of tan6 are those that were detern._inedin _'hefirst st.epof the

experiment at a continuou_ stress° The ratio of loss factors _ "n/e "m'

at the stress levels E m and E;n arc given for each subseque,_t step in the

1964010691-013
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A experiment, The actual power dissipation in watts is shown for each stress
w

level. In these experiments the shortest pulse duration was about Z milli-

seconds and the smallest value of o/O was about 0.009.

The advantage of the repeated pulse method is demonstrated by

the high values of stress that were used. With polystyrene, for instance,

a stress of over |000 VPM did not cause breakdown or excessive heating

of the specimen. Previously, using continuous voltage application,

measurements could not be made at stresses greater than 400 VPM. The

present limitation is associated with the r-f generator, rather than the

calorimeter. A considerable amount of time has been devoted to modifying

the existing equipment to obtain properly shaped pulses of sui£iciently short

duration. It has been difficult to control the transients and inst_,bilities at

high voltages. The overall accuracy of the measurements is reduced if

the r of pulses deviate from a simple rectangular shape° Comparison of

the ratios of i " at similar stresses for polystyrene specimens 2 and 3 of

Table I, or the ratios of E :' for a given specimen at the same stress levels,

but at different values of ..wet ¢:issipation, indicate that the accuracy of the

measurements must be improved. The pulse shape is critical because the

instantaneous pow_--._ dissipation is proportional to the square of the applied

voltage.

TLc high values of loss that were observed at the hi_hest stress

levels can be associated with the presence of discharges that contribute

to the measured power. At these high levels of stress the proh,lems

encountered in the fabrication of specimens and in the application of

electrodes are similar to those for breakdown tests. The actual test area

of the loss specimen must be larger than for t:.e breakdown specimen zo

that the error caused by heat generated at the edges of the test area can be

reduced to a negligible value. The larger area reduces the electric strength

of the specimen and is also more difficult to machine, Details of the break-

down and loss measurement specimens have been given in the previous

Quarterly Progress Reports.

In the case of breakdown tests, discharges that are located away

from the test area do not necessarily interfere with the measurement.

With the loss specimens, however, any discharges that contribute to the

1964010691-014
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C measured cause an error. The high value shown in Table I forpower

polyethylene (specimen 7), for instance, was caused by heavy discharges

from the edge of the ground electrode. It is desirable, therefore, to make

the loss measurements at low voltages using thinner specimens to attain

higher stresses° The thinner sectic,/ns are, however more difficult to

machine, so the ultimate limitation of the method will be i._ the ability

to fabricate suitable specimens.

No conclusions can be drawn £rom these preliminary measure-

ments. Further refinement in the experimental techniques seems to be

justified and will be made in the next reporting period. Efforts are now

beln_ made to improve the performance of the r-£ generator under repeated

pulse operating conditions so that Ios_ measurements and breakdown

measurements can be made _tt higher stresses.

1964010691-015
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III0 Anticipated Work

During the next quarterly period the following work is planned:

A. A continuation of _e study of the effects of temperature,

vacuum and irradiation on the conductivity of polymers.

B. Further investigation of x-ray induced a-c losses in

tetrafluoroethylene polymer so

C° A continuation of the loss measurements at high field

strengths and breakdown measurements in the rof range.

D. The investigation of loss properties at high temperatures in

the r-f range.

IV. Level of Effort

The total level of eHort during this quarter has bee._ t9.5 man-

months.

The funds that were originally made available for this program

have been and have been made for continuation of th_expended plan8 a

research work at approximately the same level of effort° A Revised

Program Planning Chart will be submitted after the details of the con-

tract extension have been confirmed.

4

L_
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. Table I0 Detailed Results of Calorimeter Measurements at 2 Mc.

Stress Level

(VPM) Ave rage
,, Powe r

Specimen# Material En_ En (_"n/_ m ) tan6 _Watts)

i PS-G 178 ...... 0.0004 0,4

(i0 nail) t78 230 i_0i 0.4
178 280 0o92 0, 4
178 387 0_ 94 0o 4
178 429 i°09 0.4
309 633 I° 16 i, i

2 I_--D i75 ....... 0. 0006 0o 6
|iO mil) t75 232 t. O0 O° 6

23? 286 0o 94 0, 6
286 393 i. 03 0r 6
393 588 0.91 0°6
226 400 0.92 i o0
400 562 i° 04 t,, 0
562 734 to i8 ts 0

_ 3 PS-D ti4 ....... 0o 0004 0° i5
(t0 rail) it4 i73 0o 95 0, i5

-' t73 Z64 io 02 0o i5
264 375 to 05 0. i5
375 545 i.. 07 O_ t5
545 788 to 06 0o i5
340 820 to 03 0, 47
8?.0 1030 I. 40 0..47

4 C-ti47 i46 ....... 0o 0005 0o 30
(t0 rail) t46 278 0o 96 0,_ 30

5 C-iI.4.7 I02 ...... 0,0005 0, 21
{30 nail) t02 202 to 05 0, Zi

202 247 I. 05 O. 2t
247 380 0o 99 0o 3i

6 FEP 88 ......... 0o 0006 0, 25
|30 rntl) 88 2t5 t. 05 ---

7 Pg t90 250 io 07 --- 00 t2
(30 nail) 250 390 i,,9* ....

8 PE t25 ....... O, 0002 O. t8
(20 nail) t25 t70 O. 95 Oo18

-_ $ caused by excessive heating duo to discharges Irvn_ edge of
_ ground electrode

1964010691-017
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Figure 3, Effect of temperature and absorbed dose on 100 cps tan6 of
TFE-7; 50 rail machined _pecimen.'_. Dose rate 0.2 Mrads
per hour.
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Figure 6. Effect of degassing and a'_sorbed dose on t00cps _ 'of TFE-7
at room temperature. 30 rail machined specimens. Dose rate
0.2 Mrad per hour.
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Figure 8. Conductivity of TFE,,7 during vacuum recovery £ollowing x-ray
exposure as shown in Figure 7.
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